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Current efficiency of perovskite solar cells has reached 23.7%, which is comparable with silicon solar 
cells. However commercial development is seriously hindered by the instability of the perovskite, 
especially under moisture conditions. Therefore it is crucial to gain clear understanding of the 
mechanism of degradation of Organic-inorganic perovskite in order to achieve stable perovskite 
devices. In this paper, the formation and the degradation of perovskite film on different charge 
transport layers such as a compact TiO2 layer, compact ZnO layer, and ZnO foil, Si Nanowires (NWs) 
and porous Si were studied. In addition, Density Functional Theory (DFT) studies were carried out to 
better understand the interaction between the perovskite film and substrates. We combine experimental 
and theoretical results to draw more reliable conclusion regarding the degradation mechanism. Most 
notably, our investigations show that the interaction between the iodine (I) atom in the perovskite layer 
and substrate determine the stability of perovskite cells. As a result, Si has minimum interaction with I 
atoms and showed maximum stability, while perovskite film degrades on TiO2 film almost 
immediately.  
Since 2009, organic-inorganic perovskite solar cells (PSCs) have increasingly attracted attention 
because of the advantages it offered in long charge diffusion lengths obtained, simple fabrication 
procedures, low price of raw materials and sustainability, and have enjoyed rapid rise in efficiency. [1-
8] Since 2009, the main research was focused on improving the efficiency of perovskite solar [9-12] 
which lad to reported efficiency up to 23.7%. [13] Current efficiency is comparable with commercial Si 
solar cells. The main barrier to entry for perovskite solar cells into the market is their instability. This 
is the reason why recent research have been focusing on improving the stability of perovskite solar 
cells. [14-17] However, the problem of low stability remains unsolved. Organic-inorganic perovskite 
degraded under light illumination, in the presence of moisture and thermal stress. [18-20] There have 
been a great amount of efforts to improve the stability of perovskite solar cells. [21-24] For example 
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Gratzel et al. replaced MA with Cs and Fa that led to improved stability. [25] According to their report, 
FA0.9Cs0.1PbI3 film was stable for 19 h under ambient condition. In another report, Saliba and Co-
workers show that Cs x(MA0.17FA0.83)(1−x)Pb(I0.83Br0.17)3 film is stable for 250 h under operational 
conditions. [26] It is important to have a clear understanding of the mechanism of formation and 
degradation of Organic-inorganic perovskite in order to search for solutions to stable perovskite 
photovoltaic devices. Despite the efforts by many researchers in the last three years. [27-37], the exact 
mechanism for degradation of Organic-inorganic perovskite remained unclear.  In 2014, Wang and 
co-workers reported that the first step in perovskite decomposition is the reversible deprotonation 
of the MA cation by water, where H2O gets proton from MA cation and converts to H3O
+ whereas 
MA converts to CH3NH3I. 
[38]  In late 2014, Nishino et al. showed that under irradiation perovskite 
MAPbI3 was converted to PbI2, by releasing CH3NH2 and HI molecules. 
[39] On the other hand, in 2015 
Kelly et al. disagreed with Wang‘s mechanism and argued that the initial step of the perovskite 
decomposition process is not an acid-base reaction involving the MA (CH3NH3
+ =MA) cation but is 
rather a hydration process of the perovskite film. [40] Later Philippe et al. rejected the hypothesis 
proposed by Kelly et al., as they found that the perovskite material decomposed into PbI2 not only in 
a humid air but also in inert gases such as argon. [41] After that, Sit et al. suggested a new mechanism 
for the degradation of Organic-inorganic perovskite, [42] by performing an Ab Initio Study and 
suggested that the degradation of perovskite started with the interaction between OH radical or OH 
anion with MA cation. [43] They declared that the OH radical or OH anion take H radical or H proton 
to form H2O and CH3NH3PbI. In 2016, Nie et, al. proposed a new mechanism for the degradation of 
perovskite under light, [43]  in that the light-activated meta-stable deep-level trap states are 
responsible for the degradation of the perovskite layer under light irradiation. In the same year, 
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Snaith and et, al. suggested that superoxide react with MA cation and degraded CH3H3PbI3 
[4441].  
Very recently, Walsh et, al. investigated the origin of perovskite decomposition through point defect 
processes in water-intercalated MAPbI3, denoted as MAPbI3_H2O hereafter, and monohydrated 
phase, MAPbI3 · H2O. The water-intercalated MAPbI3_H2O is suggested as an intermediate phase 
during the transition to the hydrated phases due to the relatively low activation energies for water 
insertion into the perovskite surface. [45]  
All of these proposed mechanisms focused on the interaction between extrinsic factors such as 
moisture, superoxide, OH radical with the perovskite film. Also, all the previous degradation studies 
focused on one ETL only where the researchers drew their conclusions. Also, the formation 
mechanism of the perovskite layer rarely is discussed, while we believe that it is necessary to 
understand the how the perovskite crystals are formed on the substrate in order to gain better 
understanding of the degradation mechanism. Herein we investigate the degradation of perovskite 
absorber layer on different ETL layers such as a compact TiO2 layer, compact ZnO layer, and ZnO 
foil, Si NWs and porous Si and suggest a formation mechanism of the perovskite layer. In addition, 
we performed DFT calculations to assist our experimental studies to reach a more reliable conclusion 
regarding the degradation mechanism. Our investigations have revealed that the interaction between 
the iodine (I) atom in the perovskite layer and substrate determine the stability of perovskite cells. For 
example, Si has minimum interaction with I atoms and showed maximum stability, whereas 
perovskite film degrades on TiO2 film almost immediately. We also show that degradation of 
perovskite films are reversible process even in the presence of water, while previous reports 
mentioned that perovskite films are only reversible when humidity is below 80%. 
[34, 40]
  
In the present work, we want to introduce a new mechanism for the degradation and formation of 
perovskite solar cell which could explain all behaviors of perovskite solar cells. For this, we first 
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studied the degradation of perovskite absorber layer (CH3NH3PbI3) on compact TiO2 layer, compact 
ZnO layer and ZnO foil, Si NWS and porous Si. Degradation of CH3NH3PbI3 on each layer was 
monitored for three days by means of XRD. XRD of the substrates is shown in Figure S1 in the 
supporting information. Related results are presented in Figure 1, 2.  Figure 1 a show the degradation 
of CH3NH3PbI3 on TiO2                                                                             
P/M) over time to evaluate the degradation rate.                                               7      
                    PbI2 and CH3NH3PbI3 phase, respectively. In the case of TiO2, this ratio after 1 day 
is about ½ and a significant amount of CH3NH3PbI3 converted to PbI2.  In the third day after synthesis 
of CH3NH3PbI3 on TiO2, this ratio increased to 1/1. XRD pattern of CH3NH3PbI3 on compact ZnO 
was illustrated in Figure 1 b. After 2 days, this ratio increased to ¼. By monitoring the degradation of 
CH3NH3PbI3 for 3 days, we found that this ratio increased to 2/3. While for CH3NH3PbI3 deposited on 
the ZnO foil, R P/M is 1/3 and 1/2 after 1 day and 2 days, respectively (Figure 1 c). 
Figure 2 a summarized XRD patterns of CH3NH3PbI3 on single crystal Si NWs for 30 days. The 
reason for the 30 days monitoring was                                           7                  
days. Interestingly even after 30 days                             3NH3PbI3 is highly stable on Si 
NWs. The same results were obtained for CH3NH3PbI3 on the porous polycrystalline silicon (Figure 2 
b), with no conversion to PbI2. This illustrates that the degradation of perovskite mainly depends on 
the material of substrate rather than its morphology. SEM images of porous Si NWS and porous Si are 
illustrated in Figure S2.  
The Morphologies of the perovskite films were studied by using scanning electron microscopy 
(SEM). SEM images of CH3NH3PbI3 deposited on different substrates are shown in Figure 3 a-c, 
where it can be seen that the morphology of perovskite films on different substrates are the same. 
Atomic force microscopy (AFM) was also used to study the topography of perovskite deposited on 
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different substrates. As seen from the AFM results, all samples almost have the same topography 
(Figure 3 e-f).  Because the morphology and topography of CH3NH3PbI3 on different substrates are 
almost the same. We believe that the interaction between I atoms in the perovskite layer and substrate 
determine the stability of perovskite layer. 
DFT analysis was carried out to better understand the interaction between the perovskite and 
substrate. Detail of the computational method could be found in the computational method section. 
We study the interaction between the perovskite layer and Si, ZnO, and TiO2, reflected by Eab, which 
was calculated according to eq.1. 
eq 1) Eab= ES-Pv – (ES + EPv) 
Here, ES-Pv, ES and EPv show the energy of substrate/perovskite, energy of substrate and energy of 
perovskite, respectively. Eab for perovskite deposited on TiO2 was 1.85 eV. Interaction between 
perovskite and ZnO is close to those of TiO2 (Eab =1.83 eV), while Eab for perovskite deposited on Si 
is only 0.78 eV. As seen from Figure 4, the perovskite layer connects to the substrate via the I atom in 
TiO2 and ZnO. These computational results corroborate our experimental results: we believe that the 
degradation started by the weakening of interaction between cation (CH3NH3
+
) and anion (PbI3
-
) in 
the perovskite. This happens when perovskite has significant interaction with the substrate. For 
example, TiO2 substrate has the highest interaction (this interaction is between TiO2 and I atom in the 
perovskite anion) which leads to decreased interaction between CH3NH3
+
 and PbI3
-
. Figure 5 shows 
the degradation mechanism for TiO2 which starts by the interaction between the perovskite layer and 
substrate which leads to weakening of the bond between the PbI3 anion and CH3NH3 cation. Extrinsic 
factors such as oxygen and water can react with CH3NH3
+
 when the bond between CH3NH3
+
 and PbI3
-
 
is weakened. Si substrate and I atom in perovskite has lower interaction energy than TiO2 and ZnO. 
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Perovskite on silicon shows the highest stability because CH3NH3 cation has interaction with substrate 
instead of I atom. In this situation, extrinsic factors could not attack the CH3NH3 cation.   
This mechanism introduced above is applicable to previous reports. For instance, Nishino et al 
reported that device with Sb2S3 on TiO2 was stable for 12 h under light exposure, while reference cell 
converted to PbI2 in the same time 
[40]
. This stability comes from lower interaction between Sb2S3 and 
perovskite. In fact, Sb2S3 postpone the first step in the degradation of perovskite. The paper published 
by Cao shows that this mechanism exactly works for other situation 
[46]
. In this work, protonated 
ethanolamine was used as a linker between ETL and perovskite layer, which minimized the 
interaction between ETL and perovskite and improved stability of perovskite solar cells. 
Perovskite layer was formed on ZnO very quickly. The formation rate on TiO2 was slower than 
ZnO. The lowest formation rate belonged to the Si (perovskite layer needs 24 h to form on Si). We 
believe that the first step in the formation of the perovskite layer is interaction of PbI2 with substrate. 
Based on HSAB theory Zn
+2
 (d10) is a soft cation and I is a soft anion (soft refers to easily 
polarizable), therefore, they have better interaction and we can consider this whole system (ZnO/PbI2) 
as soft complex 
47, 48
. This soft complex has better interaction with I in the CH3NH3I and show the 
fastest reaction rate. In the case of TiO2, Ti4
+
 (d0) is hard cation, therefore, TiO2/PbI2 is hard complex 
which leads to decreased reaction rate. In the other hand, Si does not have significant interaction with 
PbI2 and shows the lowest reaction rate. Figure 6 schematically shows the mechanism for the 
formation of perovskite layer on different types of substrates.   
To further prove the stability of perovskite depends primarily on the type of substrate, reversibility 
of perovskite structure was tested in direct contact with water. For this, 2 µl of water dropped on 
perovskite film deposited on different substrates. This was done on hot plate (see video in the 
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supporting information).  While the previous reports declared that perovskite films were reversible in 
humidity above 80%, we show that this actually depends on the substrate. Figure 7 shows the XRD 
pattern and Diffuse Reflectance Spectroscopy (DRS) of perovskite on the different substrate before 
and after contacting with water. Intensity of peak at 
˷
12 for perovskite on TiO2 and ZnO decreased 
after contacting with water, while, it remained almost constant for perovskite on Si. Absorption of 
perovskite on TiO2 and ZnO decreased after contacting with water, while almost constant for 
perovskite on Si.   
In conclusion, to understand the mechanism of degradation of Organic-inorganic perovskite for 
photovoltaic application, all of pervious proposed mechanisms focused on interaction between 
extrinsic factors such as moisture, superoxide, OH radical etc with perovskite film. This work shed 
light on the mechanism of degradation in perovskite solar cells by investigating the degradation of 
perovskite film on different layers such as compact TiO2 layer, compact ZnO layer and ZnO foil, Si 
NWS and porous Si; and coupled with DFT calculation to better understand the interaction between 
perovskite film and substrate materials. Base of theoretical and experimental results, we found that 
interaction between I atom in perovskite layer and substrate determine the stability of perovskite cells. 
This new understanding will provide important guidelines on how to develop perovskite solar cells 
with long terms stability suitable for commercial applications.  
 
 
Experimental Section  
Deposited MAPI3 on different substrates: All substrates were pre-cleaned before using. Here 
MAPI3 was deposited on FTO/TiO2, Si NWS, FTO/ZnO, Zn foil by drop casting method (schematic 
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S1 shows the method for deposition of MAPI3 on TiO2). 4 mMol of CH3NH3I and 4 mMol of PbI2 
was dissolved in 10 mL of DMF/DMSO with V/V ratio 1/1. Then the substrate was heated up to 80 C 
and above solution dropped on the substrate and heated for 4-8 min.  
Reversibility of perovskite film: We study degradation and its reversibility of perovskite film with 
direct contact with water drop. For this 2 µL of water was dropped on the surface of deposited 
perovskite film on different substrates. Then, it was heated up for 2 min at 80 C (please see the video 
in supporting information).     
Degradation of perovskite film: Degradation of perovskite film was monitored by using XRD and 
DRS for three days in ambient atmosphere.   
Computational method: We used Quantum Espresso package 
[49]
 based on the plane-wave basis set 
with a Cutoff Energy of 500 eV and the projector-augmented wave (PAW) pseudopotentials 
[50]
 and 
GGA for exchange-correlation functionals with PBE approach 
[51]
. The partial occupancies for the 
total energy ground state calculation were calculated with smearing methodology with Methfessel-
Paxton method and degauss value of 0.01 eV. The sampling of the Brillouin zone was done for the 
supercell with the equivalent of 2×2×1 Monkhorst-Pack 
[52]
 k-point mesh.  Periodic boundary 
conditions were employed with a vacuum region of 10 Å between adjacent layers. In order to 
determine the equilibrium configuration of the interface, we relaxed all atomic coordinates and the 
supercell geometry using BFGS quasi-newton algorithm, based on the trust radius procedure and 
Davidson iterative diagonalization with overlap matrix Algorithm for SCF calculation. Also, we used 
the maximum residual force of less than 0.01 eV/Å. The sampling of the Brillouin zone was done for 
the supercell with the equivalent of 2×2×1 Monkhorst-Pack 
[49] 
k-point mesh.   
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Characterization: Scanning electron microscopy was carried out on a Hitachi SU8010 instrument 
operating at a 0.11.0 kV landing voltage. Powder X-ray diffraction was performed on a PANalytical 
Em                m                                      F      6  λ =   5  Å)            Figure S7, 
λ =   79 Å) X-ray source. UV-Vis absorbance spectra were acquired on a Cary 6000i 
spectrophotometer. Atomic force microscopy (AFM) model NT-MDT Solver P47 was used in tapping 
mode for morphological characterization using ultrasharp Si cantilevers.   
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Figure 1. XRD pattern of perovskite absorber layer on a) TiO2, b) compact ZnO and c) ZnO foil: first 
day (red), after 1 day (black), and after 2 days (purple) 
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Figure 2. XRD pattern of perovskite absorber layer on: a) Si NWS and b) porous polysilicon. 
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Figure 3. SEM (left) and AFM images (right) of CH3NH3PbI3 on a) TiO2, b) compact ZnO and c) 
porous polysilicon. 
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Figure 4. The optimized structures for a) MAPbI3/TiO2, b) MAPbI3/ZnO and c) MAPbI3/Si. 
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Figure 5 Degradation mechanism for MAPbI3 on TiO2 which started by interaction between 
perovskite layer and substrate. 
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Figure 6. Schematic for formation of MAPbI3 on a) TiO2, b) ZnO and c) Si. 
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Figure 7. XRD and DRS MAPbI3 and reversed MAPbI3 on a) TiO2, b) ZnO and c) Si. Red curve 
refers to the reversed MAPbI3. 
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Commercial development of perovskite is seriously hindered by the instability of the 
perovskite.  Therefore it is crucial to gain clear understanding of the mechanism of formation 
and degradation of perovskite in order to achieve stable perovskite devices. Base of theoretical 
and experimental results, we found that interaction between I atom in perovskite layer and substrate 
determine the stability of perovskite.  
 
